In daily clinical cardiology practice, left ventricle (LV) global and regional function assessment is crucial for disease diagnosis, therapy selection and patient follow-up. Currently, this is still a time-consuming task, spending valuable human resources. In this work, a novel fast methodology for automatic LV tracking is proposed based on localized anatomically constrained affine optical flow. This novel method can be combined to previously proposed segmentation frameworks or manually delineated surfaces at an initial frame to obtain fully delineated datasets and, thus, assess both global and regional myocardial function. Its feasibility and accuracy was investigated in three distinct public databases, namely in realistically simulated 3D ultrasound (US), clinical 3D echocardiography and clinical cine cardiac magnetic resonance (CMR) images. The method showed accurate tracking results in all databases, proving its applicability and accuracy for myocardial function assessment. Moreover, when combined to previous state-of-the-art segmentation frameworks, it outperformed previous tracking strategies in both 3D US and CMR data, automatically computing relevant cardiac indices with smaller biases and narrower limits of agreement compared to reference indices. Simultaneously, the proposed localized tracking method showed to be suitable for online processing, even for 3D motion assessment. Importantly, although here evaluated for LV tracking only, this novel methodology is applicable for tracking of other target structures with minimal adaptations.
INTRODUCTION
In cardiology practice, accurate assessment of cardiac performance is clinically important for patient management, disease diagnosis, risk stratification or therapy selection [1, 2, 3] . Noninvasive imaging has a key role in such daily examination, with numerous modalities (e.g., cardiac magnetic resonance (CMR) imaging, 2D and 3D echocardiography or computed tomography) currently being used in the context of different cardiovascular diseases. Specifically, left ventricle (LV) morphology and function assessment by noninvasive imaging is a crucial part of daily routine [1, 2, 3, 4] . A comprehensive analysis includes the evaluation of both global and regional LV function. While the former includes the computation of several clinical cardiac indices, namely end-diastolic volume (EDV), end-systolic volume (ESV), stroke volume (SV), LV mass (LVM) and ejection fraction (EF) [5] , the latter focuses on a more localized assessment, namely motion/strain analysis [6] . Their extraction comprehends manual or semi-automatic processes [6, 7] , such as the complete delineation of the LV, therefore requiring valuable human resources.
To ease these analyses, continuous efforts from the research community and medical vendors have been made during the last decades. Indeed, several (semi-)automated segmentation frameworks have been proposed to delineate the inner and/or outer border of the myocardium in different modalities [7, 8] , enabling the computation of the relevant cardiac indices. These methodologies include, among others, image-based techniques [9] , deformable models [10, 11, 12, 13, 14, 15, 16] , graph cuts [17] , active shape and appearance models [18, 19, 20, 21] , atlas-based methods [22, 23, 24] or machine learning strategies [25, 26, 27] . Since multiple cardiac phases need to be analyzed for a comprehensive analysis, either sequential segmentation (segmentation at time t used at time t + 1) or tracking are then usually applied. The former focuses on identifying the target structure on consecutive frames, using specific temporal priors added to the mathematical formulation [11, 12] .
The latter focuses on following the motion of specific patterns along the cardiac sequence, thus allowing to extract the motion and deformation of the target structure [6] . Tracking methodologies include techniques based on block matching [28] , non-rigid registration [29, 30, 31, 32, 33] , optical flow [16, 34, 35, 36, 37] , deformable models [38] , among others [39, 40] . These methods differ on the way the motion is estimated over the image sequence, presenting different computational burdens and accuracies according to the modality and specific application [41] . While typically sequential segmentation strategies allow to compute global LV function only, tracking methodologies may also permit to assess regional myocardial motion and deformation, assessing strain measures and easing the detection of ischemia, infarction or dyssynchrony [6, 42] .
Focusing on automating LV global function analysis in both 3D echocardiography and CMR data, our team has recently proposed two frameworks for fast 3D+time LV segmentation [16, 34] . Both methodologies automatically segment the left ventricle at the end-diastole (ED) frame by adapting the recent B-spline Explicit Active Surfaces (BEAS) framework [43] according to the specific requirements and image challenges of the corresponding modality. Then, a global anatomically constrained affine optical flow tracking (henceforth named global AAOF) was used to track the ED LV surface throughout the cardiac cycle, ultimately assessing the LV morphology at the end-systole (ES) frame. While these frameworks presented highly competitive results against state-of-the-art methods and excellent agreements with reference cardiac indices [16, 34] , their tracking module was found to be the least performing one [44, 45] . Indeed, by propagating the LV boundaries assuming a global affine motion model between adjacent frames, the tracking module has the ability to follow a multitude of motion patterns with spatially consistent shapes but has difficulties in following local motion or deformation inhomogeneity of the myocardial wall (e.g., cases of ischemia or infarction).
Focusing on mitigating this issue, Barbosa et al. [45] recently proposed a novel tracking method, combining the original global anatomically constrained affine optical flow strategy with a local refinement scheme based on block matching. The latter allows to increase the degrees of freedom of the estimated motion model, increasing the realism of the obtained LV shape and presenting more complex deformation patterns with local variations. Nonetheless, being locally refined, the method is intrinsically more sensitive to image artifacts and errors. Although the abovementioned limitations can have a limited impact on global LV function analysis (as the global tracker is robust for surfacebased propagation), it prevents the use of these frameworks for regional function assessment.
In this work, the main contributions are threefold:
• First, we propose a fast and automatic LV tracking methodology based on localized anatomically constrained affine optical flow (henceforth named localized AAOF). This method can be combined to previously proposed segmentation strategies (e.g., Barbosa et al. [45] , Queirós et al. [16] ) or manually delineated surfaces at the ED frame to obtain complete delineated datasets and, thus, assess both global and regional myocardial function. Note that a preliminary 2D formulation of this novel methodology was previously presented in [44] .
Hereto, its application towards 3D data and associated mathematical formalism is detailed.
• Secondly, we evaluate its accuracy for global and regional myocardial function assessment within an in-silico experimental setup. In this sense, realistically simulated 3D ultrasound (US) sequences, and corresponding ground truth 3D motion fields, are used for validation. Moreover, the method's sensitivity to parameter settings is also investigated, providing further insights into its performance.
• Lastly, we corroborate its applicability to multiple imaging modalities in real clinical data.
To this end, the algorithm's accuracy is assessed in two distinct databases: (1) 30 clinical 3D echocardiography sequences; and (2) 45 3D+t cine CMR datasets (stack of 2D+t slices). This paper is structured as follows. In Section 2, we focus on the proposed tracking methodology, starting from its global counterpart and then modified towards localized motion estimation. Section 3 presents the validation experiments and results in three distinct public databases. In Section 4, we evaluate and discuss the algorithm's performance and compare with its global counterpart and state-of-the-art methods. Finally, the main conclusions are given in Section 5.
METHODS

Overview
Starting from the delineated LV surface (usually at the ED frame), the principle is to estimate the motion between adjacent frames using optical flow. In order to reduce its computational burden and avoid the influence of surrounding tissues, we propose to anatomically constrain the motion estimation step by only considering a region of interest (ROI) around the tracked surface.
Subsequently, the estimated motion is integrated into an affine motion model (global/local model for global/localized tracking). In the end, relevant global cardiac indices and local myocardial function parameters can be extracted from the automatically tracked surfaces (Figure 1 ).
Note that, in order to better understand the mathematical formalism behind the proposed localized AAOF, its 3D global counterpart (global AAOF, proposed in [34] and [16] ) is first presented and then extended towards local motion assessment.
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Global anatomical affine optical flow
The optical flow algorithm relies on the well-known brightness constancy assumption [46] , which presupposes that the intensity of a particular point in a moving pattern does not change over time.
This implies that any difference in the local appearance of a region over a temporal sequence is uniquely defined by its underlying motion. Let I(x, t) denote the pixel intensity at location
and time t in a given 4D image dataset. Based on the least square solution of the optical flow equation [46] and taking the affine motion model as defined in [47] , the underlying 3D affine motion can be estimated by minimizing the following energy:
where is the local image spatial gradient, whereas I t is the temporal derivative. In order to reduce noise sensitivity during spatial gradient assessment, ∇I(x) is computed using Gaussian derivative kernels along each direction. I t is simply computed with finite forward differences.
From the estimated motion field, the affine transformation that describes the motion between adjacent frames can be written as the augmented matrix:
As originally proposed in [34] , and contrarily to traditional optical flow strategies which compute the motion across a pre-defined regular region [47] , the motion estimation is confined to an anatomical ROI. To this end, the method takes advantage of the fact that the surface to be tracked is known at the initial temporal phase, defining the window function with respect to such anatomical ROI. Besides reducing the method's computational time, the constrained estimation preserves the This article is protected by copyright. All rights reserved.
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constant motion assumption over the defined region by avoiding the influence of surrounding tissues (e.g., left/right ventricles' blood pools, atria, pericardium). Hence, W is given by:
where N (x) is a neighborhood function defined as a 3D binary cube of size n nhood mm centered in
x (see Figure 2A ) and x k ∈Γ stands for the sampled points on the surface Γ being tracked. Note that the window size controls the amount of surface's neighbor region used to estimate the motion, thus being a paramount parameter to be defined according to the application and chosen modality. Motion of surrounding tissues may influence the estimated motion if a large window is chosen, while a small one may not be sufficient to capture enough information to estimate the true underlying motion.
Since differential optical flow approaches are best suited to estimate small displacements, an iterative displacement refinement scheme is applied [16, 34] . Hereto, the estimation step is iteratively applied, progressively accumulating the estimated displacement fields and warping the target image, therefore iteratively reducing the amount of motion left to be estimated. Once again, the number of iterations applied should be defined according to the application (i.e. based on the expected amount of motion for the object under study).
Localized anatomical affine optical flow
Contrarily to the global methodology, the proposed localized approach aims to independently estimate the motion for each surface point based on its anatomically constrained neighborhood.
Let Γ(θ, φ) represent the boundary being tracked given as a function of angles θ and φ of a spherical
The principle of the proposed approach is to estimate the motion for each surface point based on its location x, while also taking into account its spherical position, (θ, φ), in the boundary Γ. Thus, the local motion field around each surface point Γ(θ, φ) is encoded independently as:
which is estimated by minimizing the following energy:
As in its global counterpart, the estimation is confined to an anatomical ROI given by the initial surface to be tracked and encoded by W(x, θ, φ). However, in opposition to the global strategy [16, 34] , we propose to integrate the estimated motion into a local displacement by considering the neighboring regions and their spherical distance to the point of interest (θ and φ, measured assuming a spherical space). Therefore, the ROI is given by:
where ( Overall, for each point in the surface, a local affine motion model is independently estimated via a weighted anatomical ROI, in opposition to the global affine motion originally estimated. These differences between both methods, and their 3D motion fields, are illustrated in Figure 2 .
EXPERIMENTS AND RESULTS
Realistically simulated 3D echocardiography
Data description:
Since true validation of 3D tracking methodologies is not possible using clinical data and is complex using dynamic physical phantoms, we chose to use a publicly available synthetic US database † to perform a first validation of the proposed approach. The synthetic database currently comprehends eight 3D sequences with available 3D ground truth motion fields, which were generated using the pipeline described in [48] . simulations with a real template recording. In this way, the speckle texture of real US recordings can be learnt and combined with a myocardial motion controlled by an E/M model. As a result, these realistically simulated 3D datasets are very similar to real US acquisitions (see Figure 4 ), including all major elements that make motion tracking challenging: (1) motion of surrounding structures (e.g., papillary muscles and valves); (2) heterogeneities of speckle contrast inside the myocardium; and (3) speckle decorrelation over time. By varying the parameters of the E/M model, different pathophysiological conditions can be simulated. In this sense, the database includes one healthy sequence, four ischemic cases (denominated LADprox, LADdist, LCV and RCA according to the simulated artery occlusion), and three cases of dilated cardiomyopathy (denominated sync, LBBBsmall and LBBB according to the simulated activation pattern). All sequences were originally simulated with a voxel size of 0.7 × 0.9 × 0.6 mm 3 and a temporal resolution of 34 frames/s, and were later resampled to 0.6 × 0.6 × 0.6 mm 3 . The available ground truth meshes are regularly sampled along the radial, longitudinal and circumferential directions (with 3, 30 and 25 points, respectively), while also split into 17 segments as in the standard AHA subdivision [49] . For more details on this synthetic database, the reader is kindly referred to the original publication in [48] .
Implementation details:
For each sequence, the ground truth mesh at the ED phase was used as initial surface to be tracked throughout the cardiac cycle. Since the mesh is radially divided in 3 points, we chose to divide the myocardial mesh into three independent layers, namely endo-, mid-and epicardial surfaces, which are individually propagated by estimating their motion between adjacent frames. Since the available surfaces were cut at the LV base (Figure 4 ), special attention should be given to the boundary conditions applied in the proposed localized tracking strategy.
Hereto, a spherical space was used, applying periodic boundaries over the θ direction, 180
• shifted mirrored at the LV apex, and mirror boundaries at the basal end. Note that to ensure a single and continuous motion of the surface points at the apex (due to the singularity of the spherical space at φ = −π), the motion is regularized by taking their average. Moreover, in order to minimize error accumulation over time, we ensure a minimal number of propagation steps by implementing a bidirectional tracking strategy combining forward and backward estimates for half the total number of cardiac phases [16] .
In this experiment, the localized support parameters along θ and φ were initially set to π/3 and π/5 rad, respectively, 4 iterations were applied in the refinement scheme and a standard deviation (SD) of 1 px was used for the Gaussian derivative kernels. Moreover, a cubic region with ∼ 9 3 mm 3 was set for the neighborhood function.
Performance assessment:
First, in order to tune the parameters of the proposed methodology and study the algorithm's robustness and stability, the influence of the parameters' variation on the global tracking accuracy was assessed. The global tracking accuracy was estimated by measuring the amplitude of the error vector between the 3D position of each surface point on the ground truth mesh and on the tracked result mesh, and their average and standard deviation computed over all nodes, time points and sequences. This study was performed in 2 sequences only (LADprox and LBBB), as advised by the database's organizers to avoid training over-tuning. In this sense, the 4 most relevant parameters were included in the analysis, namely the localized support parameters (σ θ and σ φ ), the number of iterations used in the iterative displacement refinement scheme (nb it ), the size of the neighborhood cubic regions (n nhood ) and the standard deviation of the Gaussian derivative kernels (σ g kernel ). The range where the parameter influence was evaluated was defined as a ± 50%
variation around the abovementioned parameter values. The tracking was then applied using the new value of one parameter while keeping the remaining ones fixed to their original value. To check for differences in the average and standard deviation of the amplitude errors, unpaired t-test and F-test against the results using the baseline values were used respectively. A p-value < 0.05 was considered statistically significant.
After determining the optimal parameters for the 2 training sequences, the algorithm's performance was evaluated for both global and regional myocardial function assessment in the 8 available datasets. To this end, the global tracking accuracy was computed, while also evaluating the tracking error separately for endo-, mid-and epicardial layers. For regional function assessment, ES radial, longitudinal and circumferential strains were measured as the relative change in distance between two neighboring mesh nodes (for each direction independently). The obtained strain maps were then visually compared to ground truth ones.
The reported computational times were obtained using MATLAB code running on a Intel (R) Core (TM) i7 CPU at 2.8 GHz (shared memory of 16 GB). Figure 3 illustrates the influence of the variation of each parameter in the tracking performance for the 2 training sequences. To stress the added value of the localized tracking, the performance of the global AAOF approach was also added in the localized support parameters' plot.
Results:
The performed sensitivity analysis reveals that the overall tracking performance is not significantly compromised within the studied range of the parameters values. The most critical choice for the overall tracking performance was found to be the localized support parameters, which control the smoothness of the estimated motion. Nonetheless, a statistically significant difference in the average error was only found for a variation of +50%. When compared to the original global AAOF approach, a significant improvement was found for the proposed localized AAOF. Based on these results, the optimal parameters were then set, namely σ θ = π/4 rad, σ φ = 3π/20 rad, nb it = 5, σ g kernel = 0.75 px, and n nhood ≈ 7 mm.
In the 8 sequences, the proposed localized AAOF approach presented a global tracking error of 0.54 ± 0.51 mm (5 th percentile, median and 95 th percentile of 0.08, 0.38 and 1.54 mm, respectively).
When considering endo-, mid-and epicardial layers independently, the global tracking error was This article is protected by copyright. All rights reserved. for the proposed localized strategy. The highest errors were found to be at the ES frame ( Figure   5C ), which corresponds to the time point of maximum displacement. When assessing errors' spatial distribution ( Figure 5D ), larger errors were found at the LV base (i.e. outer segments of the bull's eye plots, particularly in the lateral wall), with higher emphasis on the epicardial layer.
Finally, to evaluate the performance for regional myocardial function assessment, Figure 6 presents the bull's eye plots of ES circumferential, radial and longitudinal strains for both automatically tracked (using global or localized AAOF) and ground truth meshes on the LADprox sequence. To reduce boundary effects, the strain was measured at the mid-myocardial layer. For all anatomical directions, the strain maps achieved with the automatic localized AAOF strategy were found to be qualitatively similar to the ground truth ones. Nonetheless, circumferential strain was found to be slightly underestimated, while radial strain was overestimated. All strain maps were smoother than the corresponding reference ones. In its turn, and as initially mentioned, the global AAOF strategy was unable to assess regional function. Indeed, both circumferential and longitudinal strain maps were significantly different from the ground truth, with only the radial component showing similarities to the reference map. The latter result arises from the fact that each layer was independently tracked.
Regarding its computational burden, the proposed localized tracking methodology took, on average, 2.5 s/frame. Note that, since the 3 layers are independently propagated, a parallel MATLAB implementation was used.
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Implementation details:
In the current experiment, we propose to assess the performance of the proposed tracking methodology when combined with a previously presented LV segmentation framework for 3D US data [45] . In its original formulation, after an automatic LV segmentation at the ED phase, a two-step tracking strategy was used, combining the original global anatomically constrained affine optical flow strategy with a local refinement scheme based on block matching.
Hereto, we propose to use the LV surface at the ED phase obtained using the automatic LV segmentation framework originally proposed in [45] , while replacing their tracking module with our proposed localized AAOF. Note that, since closed surfaces are obtained at the ED time point, a spherical space was assumed with a periodic boundary over the θ direction and 180
• shifted mirroring at both LV apex and base.
For the present database, the localized support parameters along θ and φ were, respectively, set to 3π/4 and π/4 rad. Although the same number of neighboring regions were used, their support differ due to the different sampling of the ED LV surface (obtained with the automatic segmentation strategy) in both directions of the spherical space. Moreover, 5 iterations were considered in the refinement scheme. Finally, a SD of 1 px was used for the Gaussian derivative kernels, while a cubic region of ∼ 9 3 mm 3 , was considered for the neighborhood function.
Performance assessment:
In order to assess the performance of the tracking alone, the 15 training datasets were used. Since the ED reference surface is known for these cases, the algorithm ‡ https://miccai.creatis.insa-lyon.fr/miccai/ was applied to track the LV until the ES moment, with the final ES tracked surface being assessed using the average point-to-surface distance towards the reference one.
MAD (mm)
Moreover, the performance of the segmentation plus tracking framework was assessed using distance metrics to the reference manually delineated surfaces, namely mean absolute distance (MAD), Hausdorff distance (HD) and Dice coefficient (Dice). These metrics were computed directly through the challenge MIDAS platform ‡ for the 30 datasets of the validation set. The accuracy of the estimated LV cardiac indices, namely EDV, ESV and EF, was equally assessed through comparison against reference indices. To this end, Pearson's correlation coefficient (R) and Bland-Altman [52] limits of agreement (LOA) between ground truth and automatically estimated LV indices were computed. Figure 7 presents the tracking performance on the 15 training datasets, when starting with the ED reference surface. While the localized AAOF obtained a MAD error of 1.01±0.31 mm, its global counterpart showed an error of 1.22±0.38 mm. As reported in the in silico experiments, the localized approach had a statistically significant higher accuracy over the global strategy. Table I and Table II summarize the overall segmentation plus tracking performance for the 30 validation datasets (together with state-of-the-art approaches). The result for the original global anatomically constrained affine optical flow alone (Global OFT) or combined with local block matching refinement [45] are also presented. Note that, since these methodologies share the segmentation algorithm applied to the ED frame, they present the same results for the ED metrics and indices. Overall, the proposed localized strategy presented similar distance metrics, with smaller bias and limits of agreement for both ESV and EF. In Figure 8 , two example segmentation (at the ED frame) and tracking (at the ES frame) results are illustrated, with corresponding absolute distance errors mapped on the LV endocardial surface. The largest errors were found at the apex, with some segments of the LV base (mostly at the lateral wall) also presenting slightly higher distances to the reference mesh. Note, however, that the highest errors seen at the apex are also related to the largest error already present at the ED phase and related to the original automatic LV segmentation [45] .
Results:
Regarding its computational burden, the proposed methodology took, on average, 0.8 s/frame.
Note that a smaller average computational time was found compared to the previous experiment (Section 3.1.4) due to the smaller radius (in pixels) used for the neighboring regions (i.e. larger voxel spacing of the clinical datasets compared to the simulated ones).
S. QUEIRÓS ET AL.
Cine cardiac magnetic resonance
Data description:
To demonstrate the multi-modality feature of the proposed localized tracking strategy, this third experiment focuses on validating the method's applicability on cine CMR datasets from the 2009 MICCAI CMR LV segmentation challenge § [53] . The database includes 45 cine steady state free precession pulse sequences. Six to twelve images were obtained from the atrioventricular ring to the apex, with a temporal resolution of 20 phases over the cardiac cycle and an isotropic pixel spacing ranging from 1.29 to 1.56 mm. The challenge's population includes 36 patients (12 with heart failure and myocardial infarction, 12 with heart failure but no myocardial infarction and 12 with hypertrophic cardiomyopathy) and 9 healthy subjects. Moreover, ground truth borders drawn by an experienced observer are available in all slices for both endo-and epicardium at the ED phase and for the endocardium at the ES phase. All results consider manual contours drawn to include trabeculae and papillary muscles in the LV cavity.
Implementation details:
In this final experiment, we propose to assess the performance of the proposed tracking methodology when combined with a previously presented LV segmentation framework for 4D cine CMR datasets [16] . The original framework delineates the myocardial boundaries at all frames in a three-step approach: (1) automatic initialization and segmentation of the LV myocardium in an ED mid-ventricular short-axis slice; (2) automatic 3D myocardial segmentation at the ED phase; and (3) tracking of the ED contours throughout the full sequence using the global anatomically constrained affine optical flow strategy. While the framework presented highly competitive results against state-of-the-art methods and excellent correlations with reference cardiac indices [16] , the third module was found to be the least performing one. Hereto, we propose to replace the third module by our localized tracking strategy, propagating the automatically segmented ED LV surfaces by locally estimating the motion between adjacent cardiac phases.
Similarly to Queirós et al. [16] and due to the anisotropy of the CMR data, such estimation is performed independently for each slice sequence and for each myocardial boundary. The present implementation corresponds to a particular case of the 3D mathematical formalism described in Section 2. Indeed, such slice-based tracking can be described based on a cylindrical space, Γ(θ, z), in which the second localized support parameter is given by σ z = δ.
In the present CMR database, σ θ was set to 3π/8 rad, with 4 iterations on the refinement scheme and a 1 px SD on the Gaussian derivative kernels. Since a slice-based tracking is intended, a squared neighborhood function was used, with [7 × 7] px (leading to ∼ 9 − 10 mm). § https://www.cardiacatlas.org/ Table IV . Performance on the 45 CMR datasets, in terms of Pearson's correlation coefficient (R) and BlandAltman LOA (µ ± σ) between automatic and reference LV cardiac indices (EDV, ESV, SV, LVM and EF). No statistically significant differences were found on a two-tailed F-test between methods.
Performance assessment:
The performance of the proposed algorithm (segmentation plus tracking combined) was assessed using distance metrics and LV clinical indices against reference surfaces and indices, respectively. The percentage of good contours (average perpendicular distance < 5 mm) was also computed, as advised by the challenge's organizers [53] . Note that epicardial results are unchanged since no expert delineations are available at the ES phase (as only endocardial surface is needed for cardiac indices computation). Finally, the results were compared against the global tracking methodology. A two-tailed paired t-test and a F-test were used to check for statistically significant differences in their biases and LOAs, respectively. Our null hypothesis was that no difference exists, and p-values < 0.05 were considered statistically significant. Table III and Table IV summarize the overall segmentation plus tracking performance for the 45 CMR datasets. The results for the original framework are also included for comparative purposes. Moreover, Figure 9 presents one tracking example for a mid-ventricular CMR slice. Overall, both APD and Dice metrics significantly improved when using the proposed localized tracking strategy, while statistically significant improvements were also found for all parameters that depend on the tracking module (i.e. ESV, SV and EF). Specifically, all biases were significantly reduced, while a tendency for smaller LOAs were observed, particularly for EF. The localized tracking took, on average, 0.015 s/slice, which represents roughly 0.12 s/frame. The smaller computational time in comparison to previous experiments is directly related to the slicebased tracking since only 2D neighbor regions are used, greatly reducing its computational burden.
Results:
DISCUSSION
This article is protected by copyright. All rights reserved. In this work, a novel fast and automatic methodology based on localized anatomically constrained affine optical flow is proposed for left ventricle tracking in multiple imaging modalities. The methodology was validated in three distinct public databases, focusing on assessing its feasibility and accuracy for global and regional LV function assessment.
The proposed method showed excellent global tracking performance in the realistically simulated US sequences (Figure 4 ). By performing an independent localized motion estimation for each target surface point, contrarily to the original global affine model, the proposed method clearly increases the degrees of freedom to capture local myocardial motion (see Figure 2E -F). Indeed, when compared to its global counterpart, the localized tracking strategy showed to be able to better capture local heterogeneity in myocardial motion and deformation ( Figure 3 and Figure 5 ), without however losing spatial consistency ( Figure 4 and Figure 8 ). Note that a similar accuracy improvement was obtained for the 15 training datasets of the clinical data when assessing the tracking algorithm only (Figure 7 ). Such improved performance is most relevant in pathological cases (i.e. patients with pathophysiological conditions affecting myocardial deformation), as is the case of the synthetic sequences used for this validation. Importantly, note that in opposition to other methods that regularize a motion field estimated a priori (based on anatomical or functional assumptions) [28, 33, 40] , the proposed approach embeds the anatomical information (through a local affine motion model constrained to an anatomical ROI) directly into the optical flow computation. Therefore, a more efficient framework is obtained, without also depending on the accuracy of a preceding motion estimation step.
When assessing tracking accuracy throughout the cardiac cycle ( Figure 5C ), the largest errors were found at the ES time point. This is mainly related to the largest myocardial displacements at this stage, which is simultaneously the limitation of traditional optical flow strategies [34] . Nonetheless, the use of an iterative refinement scheme together with a bi-directional tracking strategy allowed to reduce overall error accumulation and still largely capture the myocardial motion ( Figure 5C , note that the average displacement at ES is nearly 5 mm). When considering the 3 myocardial layers separately ( Figure 5D ), the highest errors were found at the epicardium. Such result is mostly associated to the poorer delineation of its borders on cardiac ultrasound [8] , which reduces the visual cues available to be tracked using our differential optical flow method. Moreover, looking to their spatial distribution, the highest errors were located in the lateral wall, probably related to the commonly found artifacts in this region, such as out-of-field effects and surrounding structures interferences [54] . Finally, when considering apical, mid-ventricular and basal levels, the latter generally presented higher errors ( Figure 5B ). Nonetheless, for this particular experiment, such result might be, in part, associated to the open surface available at the ED frame. Indeed, the use of mirror boundary conditions at the LV base does not entirely reproduce what is physiologically expectable. Moreover, the perceptible movement associated to the cardiac valves (and simulated in these datasets) might also affect the tracking accuracy at this level.
Notably, the sensitivity analysis on 4 important hyper-parameters (Figure 3 ) revealed that the overall performance is not significantly impaired within a fairly large range of parameters settings.
The localized support parameters, σ θ and σ φ , were the only ones leading to a statistically significant reduction on the performance within the studied range, and only for a variation of +50%. This result is probably related to a smoother (i.e. more globalized) tracking at this extreme variation, which decreases its accuracy for capturing local motion patterns, namely on the ischemic dataset. It is important to note that such parameters allow to choose from a single neighbor region estimation (less robust and resulting in a more irregular tracking) to a full global support estimation (as in its global counterpart, being robust but less capable of local deformation capture). Therefore, a tradeoff between robustness and localized estimation exists when setting these parameters, which should be done according to the application and target structure. Regarding the number of iterations used in the refinement scheme, although no statistically significant differences were found, a performance improvement is seen with an increase in this parameter. Nonetheless, one should note that the method's computational burden is directly proportional to it. Thus, according to the expected amount of motion of the target structure, this parameter should be set to allow for accurate results and, preferentially, minimal computational burden. The last two parameters (n nhood and σ g kernel ) did not present any marked tendency within the studied range. As for the number of iterations, note that a larger radius on the cubic neighbor region has a significant impact on the method's computational time. Again, it should be set to capture enough boundary information to track the target, but small enough to avoid interference from surrounding tissues and to keep it computationally efficient.
Concerning strain estimation (Figure 6 ), the automatically obtained strain maps for the localized AAOF strategy were found to be qualitatively similar to the ground truth (which was not observed for the global counterpart), proving the method's feasibility for regional LV function assessment.
Due to the method's localized support, all strain maps presented smoother displacements compared to reference ones. When looking to each anatomical direction independently, the proposed method presented an accurate quantification of the longitudinal strain, a slight underestimation of the circumferential strain and an overestimation of the radial strain. Nevertheless, ischemic segments could still be easily identified by lower (absolute) strain values (e.g., see circumferential strain in Figure 6 ) using the proposed method. Note that the lower accuracy for the radial direction is common for deformation assessment in 3D US [41] , with higher deformations being expected in this direction. Moreover, it might also be linked to the fact that no constraints were added in this direction (i.e. not directly affected by the chosen localized support parameters), with an independent propagation being applied for each myocardial layer. Such result could be improved by the use of explicit constraints, such as the assumption of myocardial volume conservation [29] , or by a postprocessing regularization step [33, 40] .
In the clinical experiments (Section 3.2 and 3.3), the proposed tracking strategy when combined to previously presented automatic segmentation strategies [16, 45] proved to improve performance in both 3D US (Table I and Table II ) and cine CMR datasets (Table III and Table IV ). Both original methods are state-of-the-art strategies with leading results on both accuracy and computational time on their respective databases [16, 45] . Nevertheless, both used the global counterpart of the proposed method, which was found to be their limitation module. Indeed, to increase its accuracy for localized LV tracking, a local refinement scheme based on block matching had already been presented for 3D US [45] . However, the proposed localized anatomically constrained optical flow presented an improved performance, with smaller biases, narrower limits of agreement (namely of near 20% for the EF) and higher correlations to reference cardiac indices (Table II) , ultimately obtaining a better score on the CETUS database. In fact, the proposed approach outperformed other state-of-the-art approaches (namely higher correlations and narrower LOAs for ESV and EF) [17, 21, 23] , with the largest score (i.e. lower value) in the current challenge ranking. When assessing the spatial distribution of the errors (Figure 8 ), similarly to the simulated US datasets, the largest errors were found in some segments of the LV base (mostly at the lateral wall), but also at the apex region. Note, however, that the latter is generally related to the largest errors already present at the ED phase and related to the automatic segmentation framework. Such dependency on the initial surface demonstrates the importance of combining our tracking strategy with an accurate initial segmentation strategy. The same improved results were observed in cine CMR datasets (namely ∼ 20% reduction in the LOA for EF), with simultaneous statistically significant improvement on the distance metrics (namely, APD and Dice). Note, nonetheless, that the tracking accuracy is still limited by the interaction between the papillary muscles and the myocardium throughout the contraction phase, being this one of the main source of errors. Overall, the localized tracking strategy showed an improved accuracy compared to its global counterpart on both modalities (which were leading results in their respective public databases), while simultaneously providing a feasible method for regional function assessment.
Finally, the proposed methodology proved to be viable for online processing, showing to be computationally efficient in all 3 experiments. As mentioned above, the number of iterations and the size of the neighbor region used for the optical flow estimation were found to be the main hyper-parameters controlling the method's computational burden. When compared to other state-ofthe-art methods (e.g., surface-based tracking [38] , non-rigid registration [30, 32] or block matching [28] approaches, among others [41] ), the proposed method was found to be competitive in terms of computational time, which is paramount for success in daily cardiology practice.
Importantly, although here presented for multi-modality LV tracking, the proposed localized anatomically constrained affine optical flow is applicable to many other target structures (e.g., other cardiac chambers, valves or even other organs). As mentioned in Section 2, the choice of an appropriate coordinate space together with the localized support parameters can provide implicit anatomical priors for an accurate tracking. For example, consider the case of a tube-like structure (e.g., aortic root wall) in which a larger motion occurs along the radial direction (with higher variation between different portions of the wall) than along the longitudinal one. In this case, a cylindrical space could be used, in which a smaller value would be given to σ θ , thus increasing the degrees of freedom to capture larger localized deformations, and a higher value would be set to σ z , increasing the robustness against image artifacts or other misleading image information. The same rationale could be used for other applications, with suitable hyper-parameters having to be set to achieve an accurate surface tracking, and ultimately assess the target's global and regional motion/deformation. Moreover, the proposed strategy could be used as input to other algorithms in order to create patient-specific LV models and study the onset of specific cardiac diseases [55, 56, 57, 58] .
CONCLUSION
In this work, a novel fast and automatic left ventricle tracking methodology based on localized anatomically constrained affine optical flow is proposed. The methodology's feasibility and accuracy for global and regional myocardial function assessment was evaluated in three distinct databases, achieving accurate tracking results in all. Experiments on realistically simulated 3D US data showed the method's applicability and accuracy for global and regional function assessment. When combined with state-of-the-art segmentation strategies, the method proved to be robust for LV surface tracking throughout the cardiac cycle in both 3D echocardiography and cine CMR data.
Its results outperformed the original global formulation, with smaller biases and narrower limits of agreement for the relevant clinical cardiac indices, while providing a feasible strategy for regional S. QUEIRÓS ET AL.
function assessment. Finally, the proposed localized tracking method showed to be suitable for online processing, being a critical factor for success in clinical practice.
